Phosphinimines. Silylimines, Rotamers. X-Ray, N M R Spectra
Introduction
Silyl phosphine imines, R 3S iN = P R 3, belong to an isoelectronic series of compounds in which two non-first row main group elements are bonded to one o f the first row elements C, N, or O, and the preparation and properties of these compounds, including their use as ligands in metal complexes, have been reported [2] [3] [4] [5] [6] [7] . The simplest method of preparation of silyl phosphine imines is by the reaction of a silyl azide with a phosphine [1, 5, 7] . This method has also been used with bifunctional phosphines. Thus, the reaction of M e3SiN3 with PPh2(C H 2)"PPh2 (n = 1 -3 ) yields the correspond ing bis(silylimine) phosphines Me3SiNPPh2(C H 2)"PPh2NSiMe3 [8] , [ This paper was originally submitted to Inorganic Chem istry (received Sept. 11, 1989) . but had to be withdrawn because of conflicting interests of referees.] * Reprint requests to Prof. Dr. H. Schmidbaur.
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In was recently reported that the oxidation of only one o f the two phosphorous atoms in PPh2C H 2PPh2 by M e3SiN3 can be achieved by heating a 1:1 mixture of these two reagents. The re sulting com pound, M e3SiN PPh2C H 2PPh2 (1), is an unusual and potentially useful heterodifunctional ligand [9] , A rather surprising result of this work, however, was the proposal that 1 can exist in sever al different isomeric forms as a result of restricted rotation about the P = N bond. It was claimed that these isomers could be generated by heating the com pound above its melting point to 160 C, and the evidence for their existence was based on the observation o f multiple N M R signals in CDC13 so lutions of samples which had been so treated. This result is surprising because there is no precedent for the existence o f a significant barrier to rotation about formal double bonds between first row and second row elements in their highest oxidation states. A C N D O /2 calculation of the potential en ergy surface for HN = PM e3 yields a value for the barrier to rotation about the P = N bond of about 4 kJ mol 1 [10] . A barrier of this magnitude would not prevent rapid rotation at room temperature. It is in principle possible that steric effects could give rise to a rotational barrier, but this also seems un likely, as the bond angle at a silyl imine nitrogen atom is normally in the range 140-180 [11, 12] , so that the two groups bonded to the nitrogen atom are well separated. Indeed, a molecular model of M e3SiNPPh2C H 2PPh2 with P -N -S i angles in this range shows that there is no steric restriction to ro tation about the P = N bond. Some other features of the proposed isomerization are also rather un usual. For example, the fact that it takes place upon heating the com pound to 160 C suggests that there is a considerable energy barrier between the isomers. If this is the case it would be expected that these isomeric forms would be "trapped" in their respective potential minima upon cooling, and that further interconversion should only be achieved by reheating the sample. However, it is claimed that conversion back to the most stable isomer can be carried out at room tem perature simply by dissolving the mixture in acetonitrile and stirring the solution [9] . Such a "one-way" potential barrier would be very unusual, and warrants further investigation.
Another unexplained feature of the original re sults is that the relative intensities of the 29Si N M R signals oi ine oiiiicicut ibOiiicis are very different from those of the 31P signals in the same sample (cf. Fig. 1 and 3 in ref. [9] ).
We have therefore undertaken further studies of this compound. We have determined its crystal structure in order to obtain inform ation about the ground state conform ation in the solid, and about unusual steric effects which could give rise to ro ta tional isomers. We have also carried out further N M R studies with the aim of finding out more about the energetics of the proposed isomeriza tion, and to determine whether the cause of the multiple N M R signals might be due to the pres ence of different chemical species.
Experimental
All operations were carried out under an atm os phere of dry, oxygen-free nitrogen. Acetonitrile was dried and distilled prior to use. CDC13 was de gassed (three freeze-thaw cycles), dried (molecular sieve type 4 A) and stored under N 2. 'H, 13C, and 31P N M R spectra were obtained using JEOL JN M -GX270 (270 MHz) and JN M -G X 400 (400 MHz) spectrometers. Solutions of 1 in CDC13 were found to be very air-sensitive, so NM R sample tubes fit ted with quickfit stoppers were used. The tubes containing the sample solutions were kept sealed during the experiments and, in addition to this, were kept in an N 2 atmosphere between measure ments. Conventional N M R tubes with plastic stoppers were found to be insufficiently air-tight, and use of these resulted in changes in the spectra with time, including the appearance of multiple signals of the type previously attributed to the ro tational isomers of 1.
Synthesis of N-trimethylsilyI
This was prepared using the previously de scribed literature method [9] , and was recrystal lized twice from acetonitrile. M.p. 
Reaction of I with methanol
To a solution of 1 (0.23 g, 0.49 mmol) in CDC13 (2.6 cm3) in a 10 mm diameter N M R tube was added methanol (0.016 g, 0.50 mmol). The reaction was followed by 31P N M R spectroscopy. A similar mixture was made up in CDC13 (0.5 cm3) in a 5 mm diameter N M R tube, and the reaction was followed by 'H N M R spectroscopy. One product of this reaction is diphenyl(diphenylphosphinomethyl)phosphinimine, HNPPhbCH^PPh, (2) . The 31P signals assigned to 2 are: <5 "-28741 (d, P111, 2/( P HIPv) = 58.8 Hz); 22.70 (d, Pv, 2/( P mPv) = 58.8 Hz). The <5(PV ) value is close to that reported previously for Ph3P = N H (20.8 ppm) [13] . The other main product of the reaction is Me3SiOMe which was identified by its 'H N M R spectrum: Ö 0.11 (s, 9, M e3Si); 3.39 (s, 3, OMe) (cf. literature: <5(Me3Si) = 0.04, <5(OMe) = 3.27) [14] . A m inor product of the reaction after long reaction times is O PPh2C H 2PPh2 (3), identi fied by its 31P N M R spectrum: Ö -2 8 .4 (d, PIU, V (P ,nPv) = 50 Hz); 29.9 (d, Pv, 2/( P n,Pv) = 50 Hz) (cf literature: <5(P1H) = -28. 4 . <S(PV ) = 27.7, -\7(PmPv) = 50.0 Hz) [15] , C rystal structure determination A summary of the crystal data and param eters pertinent to the structure determ ination is given in Table I .
Cell constants were obtained by least-squares refinement of the setting angles of 15 reflections in the range 25° < 20 < 30 . In the course of the data collection no decrease in intensity was observed as m onitored by three repeatedly measured check re flections. Lorentz and polarization corrections were applied to the intensity data, but no absorp tion correction was made due to the low absorp tion coefficient.
The structure was solved by direct methods and completed by difference Fourier maps. Twentyfour hydrogen atoms were found with difference Fourier techniques. Seven hydrogen atom s were calculated at ideal geometric positions ( C -H = 0.96 A). Refinement of the inverse coordinate set gave marginally higher R values whereas no differ ences were found in the geometric parameters. Final refinement was done with anisotropic ther- mal param eters for the non-H atoms. The H atoms were kept constant with U iso = 0.05 Ä 3 and the methyl groups were treated by using a rigid body model. Scattering factors for the non-hydrogen atoms were taken from ref. [16] and those for the hydro gen atom s from ref. [17] . All calculations were per formed with the SHELX-76 [18] and SHELXS-86 [19] set of program s on a VAX 8200 computer. Programs used for geometry calculations and m o lecular plots were X A N A D U [20] and ORTEP [21] . Non-hydrogen atom coordinates are given in Table II .
Results and Discussion

C rystal structure determination
The structure of M e3SiNPPh2C H 2PPh2 (1) is shown in Fig. 1 , and selected geometric parameters are given in Table III . The P -N -S i bond angle of 150.2(2) is only slightly greater than the value 144.6(1.1) obtained in a gas phase electron dif fraction study of M e3SiNPMe3 [11] . The P -N bond lengths (1.529(3), 1.542(5) Ä) and the S i-N bond lengths (1.668(3), 1.705(5) Ä) in these two com pounds are also quite similar. It is clear that, as a result of the relatively large P -N -S i angle in 1, there is no steric hindrance to rotation about the P -N bond in this molecule. Views of the molecule along the two P -C bonds in the P -C H 2-P part of the molecule are shown in Fig. 2 . The molecule adopts an almost perfectly staggered conform ation about the Pv-C bond (Fig. 2a) , whereas the conform ation about the PHI-C bond is closer to eclipsed (Fig. 2b) . This is almost identical to the situation found in the close ly related molecule SePPh2CH 2PPh2 [22] . In fact, apart from the presence of the M e3Si group in 1, the conform ation of the Pv group with respect to the P -C -P skeleton is virtually identical in both com pounds. M inor differences arise from the con form ation of one phenyl ring and from the orien tation of the P111 group (Fig. 3) .
The conform ation adopted by 1 in the solid does not correspond to any of the isomeric forms pro posed by the previous authors [9] . In particular, their proposal that the most stable conform ation would be one in which the methylene protons are equivalent is not borne out by the present results. The inequivalence of these protons is clearly evident in the structure (Fig. 2 a, 2 b) . However, equivalence of the methylene protons can be achieved by rotation about the Pv-C bond, and it can be seen from the structure that this can occur without steric hindrance for any conform ation of the molecule about the P -N bond. Since chloro form solutions of 1 show NM R equivalence of the C H 2 protons, it is obvious that the solid state con form ation is not maintained in solution, and that free rotation or a symmetrical conform ation pre vails in solution.
NMR spectra
The crude product from the preparation of 1 was recrystallized twice from dry acetonitrile to eliminate all traces of the two main impurities (PPh2C H 2PPhb (<5(31P) = -21.8 ppm) and Me3SiNPPh2C H 2PPh2NSiM e3 (<5(3IP) = -3 .7 ppm)). The 31P N M R spectrum of this product consists of a single AX quartet, with param eters similar to those reported previously [9] , The 'H and 13C spectra can be readily assigned (see Exper imental section). A sample of the same recrystal lized 1 was heated for 30 min at 160 C in a Schlenk tube connected to a dynamic vacuum line. The sample did not crystallize upon regaining room temperature, but its 31P N M R spectrum in CDC13 contained only a single AX quartet, identi cal to that of the starting material 1.
This apparent lack of isomerization on heating led us to examine the possibility that the multiple NM R signals reported by the previous workers are due to the presence o f several different chemical species. The possibilities are considerably restrict ed by the fact that the 2/ ( P -P ) coupling in the ad ditional species generated is almost identical to that in the original molecule, and that the chemical shifts for the corresponding nuclei are very similar. Thus, any such species would necessarily be very similar in structure to the parent molecule 1. One possibility which seemed to fulfil these require ments is the desilylation product of 1, H N PPh2C H 2PPh2 (2) . We therefore determined the N M R spectra of this compound by generating it in situ in an N M R tube by reaction o f a solution of 1 in CDC13 with an equivalent am ount of meth anol, according to the equation:
M e3SiNPPh2C H 2PPh, + MeOH -* 1 H N P P h2CH 2PPh2 + Me3SiOMe
(1)
2
This is analogous to a previously described method for the preparation of trialkyl-and triarylphosphinimines, R3PN H , by desilylation of the corresponding silylphosphinimines R3PNSiMe3 [23] , Reaction (1) was followed as a function of time by 'H and 31P N M R spectroscopy (see Exper imental section). Initially the reaction proceeded according to equation (1), and it immediately be came apparent that replacement of the Me3Si group by H caused far too great a change in the molecule to account for any of the proposed "iso mer" signals; <5(31P) for the Pv atom increases from -0.55 ppm in 1 to 22.70 ppm in 2. However, after the reaction was about 30% complete, the 31P spectrum of 1 in the reaction mixture began to show the same kind of splitting behaviour as that reported by the previous workers for the "thermal isom erization". A 31P spectrum of the reaction mixture recorded after this splitting had occurred is shown in Fig. 4 . The splitting is most clearly seen in the P,n region, where three doublets (labelled a, b, and c) occur with chemical shifts of -27.00, -27.27, and -27.53 ppm, respectively. The evolu tion of this pattern with time is as follows: the sig nal a corresponds to the original P111 signal in 1, and this decreases in intensity as the reaction with MeOH proceeds. After the reaction is about 30% complete (as measured by the total intensities of the signals due to 1 and 2), the signal b appears. The reaction with M eOH then almost ceases, and the main change in the spectrum with time is the appearance of the signal c, and the progressive in crease in the intensity of this signal at the expense of a and b. 31P spectra of a similar sample prepared without the addition of MeOH were run in parallel to those of the above reaction mixture. The spectra of this blank sample did not change with time for a period of more than six weeks. The reaction (1) was also followed by 'H N M R in a solution which was about five times the con centration of the 3IP sample. In this case, too, the reaction stopped after it was about 30% complete, and after this point the separation of droplets o f a second liquid phase could be seen on the walls of the NM R tube. This raises the possibility that the multiple signals in the NM R spectra are due to the presence of more than one liquid phase in the sam ple. Since the chemical shift differences between the multiple signals are very small (about 0.3 ppm for the P 111 signals and less than 0.1 ppm for the Pv signals), this seems to be the only reasonable alter native to the previously proposed isomer hypothe sis.
In order to investigate this question further, an in situ31P N M R study of the reaction of water with a solution of 1 in CDC13 was carried out. The con ditions were similar to those used in the reaction with methanol, with 1 drop of water added in place of the methanol. The 31P spectrum showed that the main product o f the reaction was again 2, so that the reaction proceeds as follows:
Me3SiNPPh2C H 2PPh2 + H 20 -1 H N P P hX H .P P h, + Me3SiOH (2) 2
As in the case of the reaction with methanol, a minor product was the phosphine oxide OPPh2C H 2PPh2 (3) . In this case, a doubling of the signals due to the Pv atoms in 1, 2 and 3 was ob served. This reaction mixture was a two-phase sys tem from the beginning, due to the low solubility of water in chloroform, and the resolution of the split signals is not as good as that previously ob served for the Pm signals in 1. However, it is rele vant to note that the magnitude of the splittings (0.24, 0.37 and 0.14 ppm for the Pv signals in 1, 2 and 3, respectively) are similar to the value 0.27 ppm observed for the PUI signals in 1.
It is not yet clear how the above observations can be related to those reported in the original study [9] , The only sample which produced com parable am ounts of the different "isomers" of 1 was one which had been heated strongly in an "at tempted distillation" of the impure substance [9] , but it is not stated how much of the impurities from the preparation remained in the sample. We have found that completely pure samples of 1 do not undergo any change on heating to 160 C, and that the only occasions on which the previously re ported splitting of the 31P signals are observed are in the course of a reaction (e.g. in the reaction with methanol as described above), or when air is not completely excluded from the solutions. Our ob servation that it is not necessary to heat 1 in order to generate the previously described multiple 31P signals makes their assignment to rotational iso mers rather less likely. In the absence of a repro ducible method of producing these signals in a pure sample, the existence of such isomers should be regarded as not yet proven.
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